ABSTRACT The toxicity of 98 plant essential oils against third instars of cecidomyiid gall midge Camptomyia corticalis (Loew) (Diptera: Cecidomyiidae) was examined using a vapor-phase mortality bioassay. Results were compared with that of a conventional insecticide dichlorvos. Based on 24-h LC 50 values, all essential oils were less toxic than dichlorvos (LC 50 , 0.027 mg/cm 
Of 12 insect pests of shiitake mushroom, Lentinula edodes (Berk.) Pegler, in South Korea (Kim and Hwang 1996 , Yi et al. 2008 , Shin et al. 2011 , the cecidomyiid gall midges Camptomyia corticalis (Loew) and Camptomyia heterobia Mamaev are two of the most economically important. Of 73 species of the genus Camptomyia worldwide (Gagné 2004) , C. corticalis and C. heterobia were Þrst recorded from Far East Asia, although three other Camptomyia species were reported in Japan (Yukawa 1971) . These insect species were Þrst identiÞed from collections made in shiitake mushroom cultivated on timbers of oak, Quercus acutissima Carruth, in 2007 (Shin et al. 2011) . In particular, serious damage to shiitake mushroom bedlogs was reported by numerous shiitake mushroom greenhouses in the middle region of South Korea in November 2007 (Shin et al. 2011) . Much of the biology of C. corticalis remains unknown, although the cecidomyiid gall midges show paedogenetic reproduction that can result in large populations developing within an infested mushroom bed (Hodin and Riddiford 2000) .
No commercial insecticides are registered for use on shiitake mushroom in South Korea because of stringent government regulation of pesticides. Increasing public concern of the environmental effects of insecticides, groundwater contamination, human health effects, insecticide residues on mushrooms, and undesirable effects on nontarget organisms intensiÞes when continued or repeated applications of conventional insecticides become necessary. In addition, the number of approved insecticides will probably be reduced in the near future in the United States by the U.S. Environmental Protection Agency as reregistration occurs under the 1996 Food Quality and Protection Act (USEPA 2012) . Reregistration requirement is also a concern in other regions, including in the European Union, where it is under the control of the Commission Regulation (EC) 1048 /2005 (Anony-mous 2005 , and in South Korea, where it falls under the purview of the Agrochemicals Control Act (KLRI 2007) . There is therefore a critical need for the development of selective control alternatives with novel target sites to establish an efÞcient management strategy for the cecidomyiid gall midges, particularly those with fumigant action for easier application in shiitake mushroom greenhouses, where ventilation of air can be easily controlled, because liquid or dust formulations are usually less effective and cannot reach deep harborages.
Bioinsecticides derived from plant essential oils have been suggested as potential alternatives to conventional insecticides largely because they constitute a potential source of bioactive chemicals that have been perceived by the general public as relatively safe and pose less risk to the environment, with minimal impacts to human health (Isman 2000 (Isman , 2006 Ahn et al. 2006) . They often act at multiple and novel target sites (Kostyukovsky et al. 2002 , Priestley et al. 2003 , Isman 2006 . Much effort has been focused on them as potential sources of commercial insecticides, in part, because certain essential oil preparations meet the criteria of reduced risk insecticides (Isman 2008) . No information, however, is available concerning the potential use of plant essential oils for the control of C. corticalis, although insecticidal activity of plant essential oils has been well described by Isman (2000 Isman ( , 2006 .
In the current study, the fumigant toxicity of 98 plant essential oils against third instars of C. corticalis was compared with that of the organophosphorus insecticide dichlorvos with fumigant action (Choi et al. 2003 , Tomlin 2003 , Yi et al. 2006 , Kim et al. 2011 ) in a vapor-phase mortality bioassay.
Materials and Methods
Chemicals. The 98 essential oils examined in this study were purchased from UNIQ F&F Co. (Seoul, South Korea) and are listed in Table 1 . Dichlorvos (99.7% purity) was purchased from Fluka (Buchs, Switzerland). All of the other chemicals were analytical grade and available commercially.
Gall Midges. The damaged oak logs (Ϸ11 cm in diameter and 1.2 m in length) with cavities made by cecidomyiid larvae were collected from shiitake mushroom greenhouses (heavily infested in 2007 and 2008) in Cheonan (Chungcheongnam-do, South Korea) in August 2009. The logs were dissected and the larvae were collected for rearing. The collected larvae were immediately transported to an insect rearing room (Seoul National University) and transferred to acrylic emergence cages (40 by 40 by 40 cm) containing shiitake mushroom spawn. Species identiÞca-tion of adult gall midges followed Shin et al. (2011) . C. corticalis was reared for two generations to ensure sufÞcient numbers for testing. Larvae and adults were kept on cages at 25 Ϯ 1ЊC, 60 Ð70% RH, and a photoperiod of 16:8 (L:D) h. Under these conditions, longevity of larvae (ÞrstÐfourth instar), prepupae, pupae, females, and males was 12Ð14, 2Ð3, 4 Ð 6, 8 Ð10, and 2Ð3 d, respectively.
Vapor-Phase Mortality Bioassay. Because of fumigant action of essential oils (Choi et al. 2003 , Yi et al. 2006 , Han et al. 2010 , Kim et al. 2011 ), a vapor-phase mortality bioassay was used to evaluate the toxicity of the test essential oils to third instars of C. corticolis. Bioassays were conducted from early April to midJune. Groups of 20 larvae were separately placed onto shiitake mushroom seed spawn mixed with wood in petri dishes (5.5 by 1.5 cm), helping all larvae penetrate into the seed spawn. This system prevents larval escapes from the seed spawn. In a preliminary experiment, 1.05 mg/cm 3 was found to be an appropriate starting concentration for a primary screening of insecticidal activity of essential oils. Two concentrations (1.05 and 1.41 mg/cm 3 ) of the test essential oils, each in 50 l of ethanol, were applied to 3-cm-diameter Whatman No. 2 Þlter papers (Whatman, Maidstone, United Kingdom). After drying in a fume hood for 1.5 min, each treated Þlter paper was attached to the inner side of a lid. Each dish was then covered with the original lid and the dish was sealed with ParaÞlm. If an essential oil gave Ͼ60% mortality, further bioassays were conducted for the determination of LC 50 values. Four to six concentrations of each essential oil in 50 l of ethanol were applied to Þlter papers as stated above. Dichlorvos served as a standard reference and was similarly prepared. Negative controls consisted of 50 l of ethanol only.
Treated and control (ethanol only) larvae were held at the same conditions as those used for colony maintenance. A larva was considered to be dead if its body and appendage did not move when prodded with a Þne wooden dowel 24 h posttreatment. Because not all bioassays could be conducted at the same time, treatments were blocked over time with a separate control treatment included in each block. Freshly prepared solutions were used for each block of bioassays (Robertson and Preisler 1992) . All treatments were replicated three times, with 20 larvae per replicate.
Data Analysis. Mortality percentages were transformed to arcsine square-root values for analysis of variance (ANOVA). The Bonferroni multiple comparison method was used to test for signiÞcant differences among the treatments (SAS Institute 2004) . ConcentrationÐmortality data were subjected to probit analysis (SAS Institute 2004) . Means Ϯ SE of untransformed data are reported. The LC 50 values of their treatments were considered to be signiÞcantly different from one another when 95% CL failed to overlap.
Results
The toxicity of 98 essential oils at two different concentrations (1.41 and 1.05 mg/cm 3 ) against third instars of C. corticalis was evaluated using the vaporphase mortality bioassay (Table 2) . Responses varied according to the essential oil and concentration examined. Twenty-three and 10 essential oil treatments resulted in 100% mortality 24 h posttreatment at 1.41 and 1.05 mg/cm 3 , respectively. Twelve and 12 oil treatments resulted in Ն90% mortality at 1.41 and 1.05 mg/cm 3 , respectively. Six and three oils resulted in Ն80% mortality at 1.41 and 1.05 mg/cm 3 , respectively. The other 57 and 73 oil treatments resulted in Ͻ80% mortality at 1.41 and 1.05 mg/cm 3 , respectively. There was no mortality in the ethanol-treated controls.
Because of good lethality of 49 essential oils as stated above, the toxicity of the essential oils and dichlorvos to the larvae of C. corticalis was evaluated (Table 3) . Based on 24-h LC 50 values, all essential oils were less toxic than dichlorvos (LC 50 , 0.027 mg/cm 3 ). The LC 50 of caraway seed, armoise, clary sage, oregano, lemongrass, niaouli, spearmint, cassia especial, Dalmatian sage, red thyme, bay, garlic, and pennyroyal oils is between 0.55 and 0.60 mg/cm 3 . The LC 50 of cassia pure, white thyme, cassia redistilled, star anise, peppermint, wintergreen, cinnamon bark, sweet marjoram, Roman chamomile, eucalyptus, rosemary, Virginian cedarwood, pimento berry, summer savory, lavender, and coriander oils is between 0.61 and 0.99 mg/cm 3 . All other essential oils tested exhibited low toxicity to the cecidomyiid larvae (LC 50 , Ͼ0.99 mg/ cm 3 ).
Discussion
Plant essential oils have potential as products for C. corticalis control because some of them are selective, biodegrade to nontoxic products, and have less harmful effects on nontarget organisms (Isman 2000 (Isman , 2006 . They also can be used in conjunction with biological control (Isman 2006) . They can be applied to hiding places in the same manner as other conventional insecticides. Many essential oils are known to possess various bioefÞcacies, including repelling or attracting arthropods, deterring feeding or oviposition, stimulating or inhibiting hatch, and acute toxicity , Isman 2006 . Certain plant essentials oils and their constituents manifest insecticidal activity against different insect species (Isman 2000 , Choi et al. 2003 , Yi et al. 2006 , Han et al. 2010 , Kim et al. 2011 ) and have been proposed as alternatives to conventional insecticides. Some products based on plant essential oils, such as cinnamon, eucalyptus, and garlic oils have been commercialized (Isman 2000 (Isman , 2006 Ahn et al. 2006) , although there are some formidable barriers to commercialization for new types of botanical insecticides (Isman 2006) . No work has been done to consider their potential to manage C. corticalis. In the Means within a column followed by the same letter are not signiÞcantly different at P ϭ 0.05 (Bonferroni test). a Essential oils exerting Ͼ60% mortality at 1.41 mg/cm 3 are reported. ) (Han et al. 2010) . Investigations of the route of insecticidal action of bioinsecticides provide practical important information for arthropod control, such as the most appropriate formulations and delivery means to be adopted for their future commercialization . Essential oils consist of highly complex mixtures of hydrocarbons, such as terpenoids (monoterpenes and sesquiterpenes), and oxygenated compounds, such as alcohols, aldehydes, esters, ketones, oxides, and phenols (Lawless 2002) . Many essential oils primarily act as fumigants with additional contact action. The dual fumigant ϩ contact action of certain essential oils has been reported in different arthropod species such as T. vaporariorum (Choi et al. 2003) , melon thrips, Thrips palmi Karny (Yi et al. 2006) , B. tabaci (Kim et al. 2011) , and T. urticae (Han et al. 2010 ). In the current study, the fumigant action of the test essential oils described, as demonstrated through our vaporphase mortality bioassay, is of practical importance because it allows the essential oil volatile constituents to reach deep harborages in mushroom greenhouses, resulting in effective control of C. corticalis. This system has advantages because exposure to volatile constituents can be easily controlled. Detailed tests are needed to fully understand the exact mode of action of the essential oil constituents, although the octopaminergic and ␥-aminobutyric acid receptors have been suggested as novel target sites for some essential oil constituents by Kostyukovsky et al. (2002) and Priestley et al. (2003) , respectively.
In conclusion, the essential oils described could be useful as insecticides in the control of C. corticalis populations, particularly in the light of their fumigant toxicity against larvae of C. corticalis. For the practical use of the essential oils as novel insecticides to proceed, further research is needed to establish their human safety. However, essential oils are commonly used as fragrances and ßavoring agents for foods, beverages, and cosmetics (Lawless 2002) . In addition, changes in the quality of shiitake mushroom treated with the essential oil products (e.g., color, ßavor, odor, and texture) and their effects on germination and growth of shiitake mushroom, residues, and nontarget organisms need to be established. Lastly, formulations (e.g., spray, fumigant, smoking agent, or tablet) for improving insecticidal potency and stability need to be developed.
